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Chitosans have been widely exploited in biological applications, including drug delivery and tissue engi-
neering, especially owing to their mucoadhesive properties, but the molecular-level mechanisms for the
chitosan action are not known in detail. It is believed that chitosan could affect the mucus by interacting
with the proteins mucins, in a process mediated by the cell membrane. In this study we used Langmuir
monolayers of dimyristoylphosphatidic acid (DMPA) as simplified membrane models to investigate the
interplay between the activity of mucins and chitosan. Surface pressure and surface potential measure-
ments were performed with DMPA monolayers onto which chitosan and/or mucin was adsorbed. We
found that the expanding effect from mucin was considerably reduced when chitosan was injected after
mucin had been adsorbed on the DMPA monolayer. The results were consistent with the formation of
complexes between mucin and chitosan, thus highlighting the importance of electrostatic interactions.
Furthermore, chitosan could remove mucin that was co-deposited along with DMPA in Langmuir—
Blodgett (LB) films, which could be ascribed to molecular-level interactions between chitosan and mucin
inferred from the FTIR spectra of the LB films. In conclusion, the results with Langmuir and LB films
suggest that electrostatic interactions are crucial for the mucoadhesive mechanism, which is affected

by the complexation between chitosan and mucin.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

There has been a trend toward the use of surface analytical
methods to correlate the physiological action of biomolecules
and pharmaceutical drugs with their interaction with cell mem-
branes [1-6]. Motivation for such studies arises from the findings
that coupling and/or penetration to the membrane are essential
for the action of those molecules, especially in cases where the
elasticity of the membrane is affected [1,4,5]. For example, infec-
tion from protozoa [3] is believed to be triggered by loss of mem-
brane elasticity, and therefore a possible strategy to prevent
infection would be to identify drugs that could help restore the
membrane elasticity. Obviously, such identification is only possible
if molecular-level information is obtained for the biological system
under investigation. The study of molecular-level interactions with
whole cell membrane is not realistic owing to the difficulties in
performing experiments in vivo, but one can learn a great deal
using model membranes, such as liposomes [7-10], Langmuir
monolayers and Langmuir-Blodgett (LB) films [11-20]. In recent
years our group has worked extensively with cell membrane
models for various types of biologically-relevant molecules
[1-5,11-16,18,20], including chitosans.
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Chitosan is a natural polysaccharide obtained from deacetyla-
tion of chitin. The interest in chitosan stems from its excellent
mucoadhesive properties that are explored in many of its biologi-
cal applications, including vehicles for drug delivery, wound heal-
ing devices and tissue engineering [21-28]. The findings with cell
membrane models have allowed us to infer that electrostatic inter-
actions may be the most important feature in the chitosan action,
but they are not the only relevant ones. Of particular interest are
the cases where chitosan action is mediated by other biomolecules.
For the mucoadhesive properties of chitosan, for example, it is be-
lieved that a major role is played by the protein mucin [29-32],
which is the main component of the mucus [33,34] (the biological
fluid that covers the surface of body tissues). Mucin is a high
molecular weight glycoprotein (10°-107 Da) formed by approxi-
mately 75% of oligosaccharides O-linked to protein backbone in
the form of N-acetylglucosamine, N-acetylgalactosamine, fucose,
galactose, sialic acid and traces of mannose and sulfate. The pri-
mary structure of the protein (approximately 25% of the remaining
molecular weight) is composed of serine or threonine residues
[35]. Molecular weights from 1.6 to 15 MDa have been reported
for porcine stomach and bovine submakxillary gland mucins [36].

The importance of mucin for the mucoadhesive properties of
chitosan was inferred from studies involving chitosan-mucin com-
plexation in vitro [29-31,37-40]. Even though this complexation
takes place very close to the tissue (and hence to the cell mem-
brane) surface, to the best of our knowledge there are no papers
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in the literature describing how chitosan and mucin interact in a
biomembrane environment. In this paper, we use Langmuir films
of negatively charged dimyristoylphosphatidic acid (DMPA) as
simple cell membrane models, and investigate their interaction
with mucin in the presence and absence of chitosan. DMPA was
chosen because of its simple structure that may allow one to
extrapolate the results to other negative phospholipids, in addition
to permitting easy deposition as LB films. The Langmuir films are
characterized with surface pressure and surface potential iso-
therms while the deposition of LB films was monitored with a
quartz crystal microbalance.

2. Materials and methods
2.1. Materials

Porcine gastric mucin (PGM), type I (M1778) with bound sialic
acids 1% (average M,, 29 MDa), was purchased from Sigma and
used as received. Its effective particle diameter (measured by dy-
namic light scattering) and zeta potential ({-Potential) were deter-
mined in a Zetatrac (Microtrac) Instrument, using a 780 nm laser.
All measurements were performed at 25 °C in triplicate, with the
reported values being the average particle diameter + standard
deviation (SD). Chitosan (CS) with a molecular weight of
113,000 Da and a degree of acetylation 19% was obtained from
Galena Farmacéutica (Brazil). Prior to use the chitosan was purified
by dissolution in diluted HCI (0.1%), followed by filtration and pre-
cipitation in a NaOH aqueous solution and washing with ethanol
and water until neutrality was achieved. DMPA was purchased
from Avanti Polar Lipids. All the other chemicals had analytical
grade (>99%). Water used throughout the experiments was sup-
plied by a Milli-Q Integral 10 purification system from Millipore
(resistivity 18.2 MQ cm, pH ~ 6). The Theorell-Stenhagen buffer
(TS) solution was prepared with ionic strength of 0.03 mol L™! by
dissolving NaOH, citric acid, boric acid and phosphoric acid in
water. Its pH was adjusted to 3.0 with the addition of 2 mol L™!
HCI, and the surface tension was 73.4 mN m~! at 22 °C.

2.2. Methods

The Langmuir monolayers were prepared on a mini-KSV Lang-
muir trough (KSV, Finland), total volume of 230 mL housed in a
class 10,000 clean room, equipped with a Wilhelmy plate made
of a filter paper and a Kelvin probe to measure surface potential.
The PGM stock solution at 10 mg mL~! was prepared on the day
of the experiment by dissolving the protein in the TS buffer prior
to all measurements. Langmuir monolayers of DMPA were ob-
tained by spreading a chloroform solution of DMPA (0.5 mg mL™!)
on the TS buffer subphase. Mixed monolayers of PGM and DMPA
were prepared by injecting a PGM aqueous solution in the sub-
phase to obtain a final concentration of 0.1 mgmL™' just below
the interface, after the DMPA spreading. After the adsorption equi-
librium was attained the monolayers were compressed. The effect
from chitosan was evaluated using two methodologies. In the first,
a mixture of PGM and CS solutions was dissolved in 230 mL of TS
buffer to obtain a final concentration of 0.1 mg mL~! PGM and
0.1 mg mL~! CS at 1:1 w/v proportion and employed as a subphase
for spreading the DMPA monolayer (Methodology 1). In the second
methodology, after complete adsorption of PGM onto a DMPA
interface, aliquots of chitosan stock solution (5 mg mL™!) were in-
jected into the subphase to obtain a final concentration of
0.1 mgmL~! CS (Methodology 2). Surface pressure-area (7m-A)
and surface potential-area (AV-A) isotherms were obtained with
a monolayer compression rate of 10 mm min~! (trough surface
area of 75 x 323 mm?), with the subphase at 21 1 °C.

The transfer of DMPA, PGM/DMPA and PGM:CS/DMPA mono-
layers onto solid supports was performed at a constant surface
pressure of 35 mN m~}, at 22 °C with a dipping speed from 0.2 to
2 mm min~!, which rendered a transfer ratio closed to 1.2 in
Y-type LB films. The supports used were silicon for infrared spec-
troscopy and AT-cut quartz crystal coated with Au on a 0.4 cm? ac-
tive area (Stanford Research Systems, Inc.) with a fundamental
frequency of ca. 5 MHz for QCM nanogravimetry. The first layer
was deposited during the upstroke, and 30 min elapsed to allow
the film to dry before transferring the second layer in the down-
stroke. The presence of DMPA, PGM and CS in the LB films was in-
ferred from transmission Fourier transform infrared spectroscopy
(FTIR) measurements with a Thermo Nicolet Nexus 470 spectrom-
eter and QCM (Stanford Research Systems, Inc.). The oscillation fre-
quencies in the QCM measurements were monitored until
equilibrium was reached. Changes in the oscillation frequencies
are taken as proportional to the adsorbed mass, according to the
Sauerbrey equation [41], Af= —c;Am, where Af is the observed fre-
quency change in Hz, ¢ is the sensitivity factor for the crystal
(56.6 Hz ug~! cm~2 for a 5 MHz crystal at room temperature) and
Am is the change in mass per unit area, in g cm 2. All experiments
were carried out in triplicate.

3. Results and discussion

There are several parameters to investigate in analyzing the
interaction between biomolecules and cell membrane models.
With mucins being proteins from the gastric system, low pHs are
suitable to reproduce the environment surrounding the proteins,
which is convenient because chitosans are soluble at such pHs.
PGM is uncharged at pH 2, but acquires negative charge at
pH > 2 [42]. PGM forms stable suspensions at low concentrations
(1 mg/mL), which could be characterized using dynamic light scat-
tering and (-Potential measurements. Table 1 points to a bimodal
distribution of PGM particles. Furthermore, chitosan causes aggre-
gation thus leading to PGM:CS complexes in large aggregates, con-
sistent with the literature [30]. From the {-Potential, also shown in
Table 1, we infer that PGM particles had net negative surface
charge at pH 3 (-3 mV), while the PGM:CS complex particles had
a positive potential of 28 mV, thus confirming the adsorption of
cationic molecules on the surface. This was expected because at
pH 3 the amino groups of chitosan are protonated.

Since the main purpose here is to verify whether chitosan
affects the interaction between mucin (PGM) and Langmuir mono-
layers of DMPA, the first step was to check whether PGM adsorbs
on different interfaces. Fig. 1a shows the adsorption kinetics for
PGM dissolved into a buffer solution (pH 3.0) without chitosan
onto a clean air/buffer interface. After an induction time of ca.
200 min, which can be ascribed to a diffusive process, the surface
pressure increased up to ca. 6 mN m~! approximately 14 h after
the PGM injection, after which no significant change in surface
pressure was observed. When PGM was injected under a
preformed DMPA monolayer, the induction time was shorter, ca.
120 min (Fig. 1b). In both cases, after 14 h of experiment the
surface pressure tended to level off. However, the most important
evidence is the decrease or disappearance of the lag time for
adsorption when PGM forms a complex with chitosan (PGM:CS)

Table 1
Dynamic light scattering and {-Potential measurements for pig gastric mucin (1 mg/
mL) and pig gastric mucin:chitosan complex (1:1 w/v) at pH 3.

Effective particle diameter + SD (nm)

PGM 1306 + 140 and 262 +78
PGM:CS complex 2795+ 247 and 478 + 112

{-Potential (mV)

-3+2
28+2
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Fig. 1. Kinetics of adsorption for PGM (0.1 mg mL~") at the air/Theorell-Stenhagen interface (Na* 0.03 molL~' pH 3) (a), at a DMPA monolayer (b) and for chitosan
(0.1 mg mL™") at a PGM/DMPA monolayer (c). Note that chitosan on its own does not adsorb on a bare interface.

(Methodology 1), as shown in Fig. 1c. The increase in surface pres-
sure due to adsorption of PGM:CS complex into a preformed DMPA
monolayer was approximately 2 mN m~! higher than the corre-
sponding value for a neat air/TS buffer interface. Similar results
with other proteins have indicated that protein adsorption is en-
hanced when phospholipid molecules are at the air/liquid interface
[43,44]. The differences observed here are nevertheless small, as
will be commented upon later on.

The kinetics data in Fig. 1 were treated quantitatively with the
approach by Magett-Dana [43] who applied a first-order equation
[45], In(Il, — |11, — 1) = —kt, to analyze adsorption of proteins
on liquid interfaces, where II,, IT and Il are the surface pressure
values at steady-state condition, at a time t and at time t=0,
respectively, and k is the rate constant. The plots for In(1 —II/
II.) = f(t) in Fig. 1 share a common feature in that they can be
divided into three parts: an induction period and two other parts
that may be approximated by straight lines. Using regression anal-
ysis, two rate constants were identified, namely k; for the first part
and k, for the latter part. According to Magett-Dana [43], the rate
constant k; is related to the protein incorporation and possibly
unfolding onto the surface layer while k, is associated with the
rearrangement of the adsorbed protein molecules. k; was
0.004 min~! for the three types of interface, while k, was 0.017,
0.014 and 0.011 min~!, for PGM/air, PGM/DMPA and PGM:CS/
DMPA interfaces, respectively. Therefore, k; is not sensitive to
the kind of interface, but k, decreased considerably with DMPA
at the interface because PGM molecules had to rearrange them-
selves among the DMPA molecules. Furthermore, since PGM could
not be inserted into a DMPA monolayer in the first two hours of
experiment (Fig. 1b), but could do in the first minutes when form-
ing a complex with chitosan (Fig. 1c), one believes there is strong
interaction between PGM and chitosan with DMPA monolayers.
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The effective adsorption of PGM onto a DMPA monolayer does
affect the surface pressure and surface potential isotherms of the
lipid, as illustrated in Fig. 2a and b. In these experiments, the iso-
therms were measured ca. 14 h after injecting PGM a few millime-
ters below the surface onto which a DMPA monolayer had been
spread. The isotherms for pure DMPA spread on the TS buffer are
more expanded than on pure water [46], as DMPA is sensitive to
the ions in the subphase [47]. PGM causes a large expansion in
the isotherms, which points to penetration of PGM molecules into
the monolayer for large areas per molecule, resulting in a mono-
layer with a high compressibility or low compressional modulus,
C;', defined as - A(dm/dA), where A is the molecular area [48].
For instance, at the surface pressure of 30mNm~!, C/' is
160 mN m ! for pure DMPA and ca. 20 mN m! for the four PGM
concentrations used. The smaller elasticity of the PGM/DMPA film
at a high surface pressure may be attributed to the insertion of
PGM molecules into the hydrophobic tail regions of the DMPA
monolayer at considerable pressures that would be equivalent to
a real membrane (believed to be ca. 30 mN m™!) [49]. In all cases,
the collapse pressure is the same as for a DMPA neat monolayer.
Before the curves coincide at the collapse, even at high surface
pressures the areas per DMPA molecule are much larger in the
presence of PGM. Because DMPA has a negatively charge polar
head, electrostatic interactions with the positive residues of PGM
could be a major component for the effects. However, the slightly
negative (-Potential for PGM indicates that hydrophobic and
secondary interactions should predominate. Accordingly, the
adsorption of PGM onto a DMPA monolayer at low surface pressure
should occur in a way that the non-glycosylated domains of
mucins act as binding sites through their hydrophobic interactions
with the DMPA interface, while hydrophilic carbohydrates may
dangle out to interact with the subphase. With regard to
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Fig. 2. (a) Surface pressure-area (I1-A) and (b) surface potential-area (AV-A) isotherms for DMPA with several PGM concentrations in the subphase.
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measurements with zwitterionic phospholipids, dipalmitoylphos-
phatidylcholine (DPPC), in subsidiary experiments (data not shown)
we observed that mucin was expelled from the interface when the
DPPC monolayer was compressed to high surface pressures.

The adsorption of PGM on the DMPA monolayer caused the sur-
face potential to decrease for small areas per molecule, as indicated
in Fig. 2b, whereas the potential increased slightly at large areas
per molecule. In a complex system containing DMPA molecules
and adsorbed PGM it is impossible to predict the surface potential
quantitatively, as the charge distribution and dipole orientation are
unknown. Nevertheless, the considerably lower surface potential
at small areas per molecule indicate that the incorporation of
PGM molecules causes the positive contributions from the dipole
moments of DMPA molecules to decrease substantially, probably
because the packing is affected. Another possibility would be a de-
crease in surface potential owing to a change in surface charge of
the DMPA monolayer, induced by PGM. However, this explanation
is not consistent with the higher surface potential for PGM-con-
taining monolayers at large areas per molecule, where the contri-
bution from the electrical double-layer should dominate.
Moreover, PGM was shown to be only slightly negative and would
not be able to alter the DMPA surface charge to any significant ex-
tent. One may conclude, therefore, that a change in the packing of
DMPA molecules should indeed be the most likely explanation for
the decrease in potential. This hypothesis is consistent with the
very distinct elasticity of the DMPA monolayer onto which PGM
was adsorbed, in comparison to a neat DMPA monolayer.

The expansion in the surface pressure isotherms with increas-
ing PGM concentration is best illustrated in the plots of area per
DMPA molecule at a fixed surface pressure of 30 mN/m or by the
change in pressure at a fixed area of 80 A2 both depicted in
Fig. 3. After a sharp increase at low PGM concentrations, the effects
tended to level off for higher concentrations, as saturation takes
place.

To evaluate the effects from chitosan (CS) on PGM/DMPA films,
two methodologies were used. In the first one, the subphase for
spreading the DMPA monolayer contained both PGM and CS in a
1:1 w/v proportion (Methodology 1). The surface pressure iso-
therms were taken after approximately 14 h of experiment
where no significant variation was observed in surface pressure.
As shown in Fig. 4a, the surface pressure isotherm almost coin-
cided with that with only PGM in the subphase. For the surface po-
tential isotherms, Fig. 4b shows some increase in potential for the
PGM:CS mixture. Major effects, however, appeared in the second
methodology, in which CS 0.1 mg mL~! was injected into the sub-
phase 14 h after injecting PGM 0.1 mg mL~! under a preformed
DMPA monolayer (Methodology 2). In the surface pressure
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Fig. 3. Area per phospholipid molecule at 30 mN m~! (®) and surface pressure at
80 A2 (O) versus mucin concentration in the subphase for DMPA monolayer.

isotherms in Fig. 4a, there is apparently some removal of material
in the liquid-condensed phase. Furthermore, the incorporation of
CS had a “recharging” effect on PGM, causing the significant in-
crease in surface potential in Fig. 4b. These results are consistent
with the dynamic light scattering data reported by Sogias et al.
[30] where aggregation of PGM was observed in the presence of
chitosan and its half-acetylated derivative. They also reported that
the chitosans recharged the mucin particles, confirmed with
adsorption of cationic macromolecules on their surfaces. The in-
crease in aggregation and a positive surface charge were both con-
firmed by our DLS and zeta potential results, reported in Table 1.
We therefore believe that PGM and CS form a complex since pro-
tonated CS has positively charged primary amino groups in the
pH used (3.0) that may interact electrostatically with the nega-
tively charged PGM macromolecules. Indeed, rather than display-
ing a surface potential smaller than for neat DMPA, with CS
injected (Methodology 2) into the PGM-containing subphase the
potential was even higher. Further analysis of the surface potential
data will be done when a model for the interaction is introduced
later on in this Section. Note also that the chitosan concentration
(0.1 mg mL~!) used in this study is diluted with no steep increase
in bulk viscosity. No surface activity was detected, as the surface
tension was not altered when the barriers (without protein) were
compressed with chitosan in the subphase, which may be ex-
plained by the high solubility of chitosan at a low pH.

Attempts were made to produce Langmuir-Blodgett (LB) films
from the systems studied here. We found that PGM could be trans-
ferred together with DMPA onto a solid substrate, as indicated by
the QCM data in Table 2. However, when chitosan was in the
subphase, either mixed with PGM from the start (Methodology 1)
or injected into a PGM-containing subphase (Methodology 2),
transfer occurred only in special cases. In fact, for CS injected in
the second experiment no PGM could be transferred to either the
silicon or the QCM gold substrate, which may be evidence for the
formation of PGM:CS complexes. For CS mixed with PGM (Method-
ology 1), deposition was possible on silicon but not on gold. It
seems that chitosan sequestrates PGM, which hampers deposition.
This hypothesis was confirmed in further experiments in which LB
films made with four layers of PGM/DMPA were immersed into a
buffer solution containing CS, to be discussed below.

The transfer of PGM onto LB films was confirmed with measure-
ments with a quartz crystal microbalance (QCM). Three layers of
neat DMPA and one layer of PGM/DMPA were adsorbed on the
gold-coated QCM quartz crystal with deposition at a surface pres-
sure of 35 mN m™'. The transfer ratio was approximately 1.2 for all
cases, which confirm the quality of deposition. The results are
shown in Table 2 and Fig. 5 with the deposited mass calculated
with the Sauerbrey equation [41]. The mass deposited of a single
layer of neat DMPA is 178 ng, while for the PGM/DMPA layer the
mass was 968 ng. The mass increase in relation to the value for a
DMPA film should correspond to PGM effectively interacting with
DMPA. A fifth layer made of chitosan was deposited by immersion
of the PGM/DMPA LB film in 1 mg mL~! solution of chitosan. In
previous studies with DMPA monolayers spread onto chitosan-
containing subphases, it has been shown that even in cases where
chitosan is believed to be expelled from the interface, no longer
contributing to the area per lipid molecule in a condensed mono-
layer, it is still possible to transfer chitosan together with DMPA
in an LB film [15,14,18]. This is so because chitosan is located on
a subsurface of the monolayer. When the LB film was rinsed with
the buffer solution, after chitosan adsorption, the mass decreased
by 466 ng. However, if the buffer solution also contained chitosan,
then the decrease in mass was much more significant, yielding zero
mass after 120 min. This indicates that chitosan sequestrates PGM
from the LB film to such an extent that even the DMPA molecules
were desorbed, thus destroying the film.
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Fig. 4. (a) Surface pressure-area (II-A) and (b) surface potential-area (AV-A) isotherms for DMPA with mucin and mucin-chitosan mixture in the subphase.

Table 2

QCM results for DMPA LB films. In the first immersion of the PGM/DMPA LB film into
the chitosan solution some adsorption occurred, causing the mass to increase.
However, in subsequent immersions the mass decreased owing to the desorption of
PGM and even of DMPA induced by chitosan.

Layer type Mass per layer
(ng)
DMPA 178
DMPA/PGM 968
1st immersion of PGM/DMPA LB film in chitosan 1200
solution
2th immersion 734
3rd immersion 297
4th immersion 198
5th immersion 89
6th immersion 71
7th immersion 21
8th immersion 21
1500
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Fig. 5. Kinetics of desorption and adsorption of chitosan on a PGM/DMPA LB film.
The measurements were carried out by successive immersions of PGM/DMPA LB
film in a chitosan solution during adequate time intervals, with subsequent
withdrawal and drying.

The PGM/DMPA and PGM:CS,ix(/DMPA (Methodology 1) LB
films deposited on silicon substrates displayed FTIR spectra featur-
ing the bands typical of CS and PGM, in addition to those of DMPA.
This is illustrated in Fig. 6, where a comparison is made between
these LB films and cast films of DMPA, CS and PGM. The main
bands for a cast DMPA film in the region between 3500 and
2800 cm ™' in Fig. 6a were assigned to the asymmetric stretching
of CH; at 2940 cm™!, and asymmetric and symmetric stretching
modes of CH,, at 2903 and 2835 cm™ !, respectively. This spectrum

is consistent with the literature [50]. In the spectrum for the PGM
cast film, the main bands were assigned to N—H and O—H stretch-
ing modes at 3304 cm~! and 2914, respectively and 2843 cm™! as-
signed to C—H stretching modes, also consistent with the literature
[51]. The spectrum of chitosan shows an amide II and a C=0
stretching band at 1557 and 1711 cm™!, respectively (Fig. 6b).
For the PGM/DMPA LB film, a band appears at 3290 cm~! assigned
to the stretching of N—H and O—H groups from PGM (Fig. 6a).
These results confirm that PGM must be at the interface. The shift
in CH, vibrational bands of DMPA in the presence of PGM is prob-
ably due to the increased number of conformers along the lipid
chains. Another possible cause for the shift is nonhomogeneous
phases. The phase transition during monolayer compression may
lead to microdomains, thus affecting orientation of DMPA chains
at air/TS interface. For the PGM:CS/DMPA LB film, the band at
3253 cm~! assigned to N—H and O—H groups is shifted in compar-
ison to the spectra of PGM and CS. This should be ascribed to inter-
molecular interactions between PGM and CS. The spectrum of PGM
showed a C=0 stretching band of an amide band at 1726 cm~'. The
C=0 absorption band was shifted to 1709 cm~! in the PGM:CS/
DMPA spectrum, again indicating interactions between CS and
PGM in the LB film.

3.1. Possible models for PGM interactions

Most proteins have an amphiphilic character due to their
hydrophobic aminoacid residues, and may therefore be surface ac-
tive. The presence of a lipid monolayer can improve adsorption at
the interface, since the monolayer can provide a more hydrophobic
environment. In some cases, adsorption is guided by specific inter-
actions (between some chemical groups) in the lipid that the pro-
tein is able to recognize. Taken all the results presented here
together, PGM probably interacts with the DMPA monolayer via
hydrophobic interactions, which explains why PGM adsorption
was not much stronger than on a bare interface (with no DMPA).
The addition of chitosan to the subphase promotes electrostatic
interaction between PGM and chitosan, and this strong interaction
is able to remove the protein from the interface. A model for this
phenomenon is shown in Fig. 7. This action of chitosan is specific
for model membranes made with negatively charged phospholip-
ids, and is similar to what was reported for B-lactoglobulin (BLG)
[15], where BLG could be incorporated into negatively charged
phospholipid monolayers at the air-water surface, but it was re-
moved when chitosan was injected after the saturation of BLG
adsorption. This removal occurred for the negatively charged
DMPA, but not for cholesterol and zwitterionic phospholipids.
Therefore, electrostatic interactions are crucial for the removal
mechanism. We should stress that in the results for Langmuir
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Fig. 6. FTIR spectra for DMPA, PGM and PGM/DMPA films. (a) from 3500 to 2700 cm ™' and (b) from 1800 to 1500 cm ™.

monolayers the model in Fig. 7 applies only to the experiments
performed in Methodology 2, with injection of chitosan after
adsorption of PGM at the interface.

A comparison of the results for the two methodologies points to
a competition of effects. For PGM can either bind to the monolayer
(membrane) or form a complex with chitosan. With the data in
Methodology 2, it is clear that complexation is preferred since
the PGM molecules adsorbed on the DMPA interface were removed
upon injection of chitosan in the subphase. As for the results in
Methodology 1, the chitosan-PGM complex has positive {-Potential
and therefore may interact with the DMPA monolayer via electro-
static and hydrophobic interactions, thus increasing the probability
of adsorption which may explain the absence of lag time. The com-
peting interactions among DMPA, chitosan and PGM have led to
completely different molecular organizations in the two methodol-
ogies, which were reflected on very distinct surface potential iso-
therms in Fig. 4b, as the surface potential depends strongly on
the molecular organization at the air/water interface.

4. Conclusions

Mucin has a strong affinity for a simple biomembrane com-
posed of negatively charged phospholipid, as proven here using
Langmuir monolayers of DMPA as models. Mucin could be inserted
into the monolayer thus causing a large expansion in the iso-
therms, which was accompanied by a decrease in surface elasticity.
Mucin probably interacts with the DMPA monolayer via hydropho-
bic interactions. Chitosan is not surface active, but it formed a com-
plex with mucin, and this complex adsorbed on the DMPA
monolayer much in the same way as pure mucin. In contrast, when
chitosan was added to the subphase after the saturation of mucin
adsorption, the extent of monolayer expansion was reduced. The
addition of chitosan promotes electrostatic interaction between
mucin and chitosan, and this strong interaction is able to remove
the protein from the interface. This finding was confirmed in LB

Mucin
air
80000000 buffer % Chitosan

EE®

Fig. 7. Model for the pig gastric mucin removal from negatively charged phospho-
lipid monolayers caused by chitosan.

DMPA
[ ]

films experiments, where chitosan was able to gradually remove
the protein, in addition to DMPA molecules.

Perhaps the most important biological implication of this study
is associated with the hypothesis that chitosan may affect mucoad-
hesion. Indeed, mucin had a dramatic influence on chitosan action
over biomembranes. If the results presented here were to be valid
in real membranes, for human tissues covered by mucus, chitosan
would primarily form complexes with the protein and the resulting
colloids cause greater impact on cell membrane elasticity and sur-
face charge. The electrostatic interactions with negatively charged
phospholipids on the cell surface are believed to govern chitosan
action, as indicated in studies with liposomes and Langmuir
monolayers as cell membrane models [10,18,52]. However, the
tendency of chitosan to form complexes with mucin and other pro-
teins seems to surpass its ability of binding to membranes, with
the resulting complexes causing major disturbances in the mem-
brane. Understanding the mechanisms for the action of chitosan
may also be crucial in biological applications, as the mucus can
act as a barrier for chitosan when it migrates to the surface of living
tissues.
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